Cells of the immune system synthesize, store, and secrete polypeptide and amino acid type hormones, which also influence their functions, having receptors for different hormones. In the present experiment immunophenotyped immune cells isolated from bone marrow, thymus, and peritoneal fluid of mice were used for demonstrating the adrenocorticotropic hormone (ACTH) and triiodothyronine (T3) hormone production of differentiating immune cells. Both hormones were found in each cell type, and in each maturation state, which means that all cells are participating in the hormonal function of the immune system. The lineage-independent presence of ACTH and T3 in differentiating hematopoietic cells denotes that their expression ubiquitous during lymphocyte development. Higher ACTH and T3 content of B cells shows that these cells are the most hormonally active and suggests that the hormones may have an autocrine regulatory role in B cell development. Developing T cells showed heterogeneous hormone production which was associated with their maturation state. Differences in the hormone contents of immune cells isolated from different organs indicate that their hormone production is defined by their differentiation or maturation state, however, possibly also by the local microenvironment.
Introduction
Bidirectional communication between the immune system and the endocrine system, mainly the hypothalamic-pituitary-adrenal (HPA) axis, is well known [1, 2] . Proinflammatory cytokines (TNFα, IL-1, and IL-6) produced by innate immune cells and also activated T cell-derived cytokines (IL-2 and INF-γ) stimulate glucocorticoid release from adrenal gland [3, 4] . On the other hand, glucocorticoids reduce the synthesis and/or release of proinflammatory cytokines by negative feedback, and also regulate Th1/Th2 balance (shift to Th2 response) [5, 6] . Immune cells can be characterized by exofacial and intracellular hormone receptor pattern, which make them sensitive to many hormones [7] . It is also proved that immune cells are able to synthesize hormones, as endocrine glands can produce cytokines [8] [9] [10] [11] . Immune cell-derived hormones may be endogenous regulators of cell functions and may also transfer information from the immune system to the neuroendocrine system [11, 12] . The presence of intracellular LHlike factor [13] , growth hormone releasing hormone [14] , thyrotropic hormone and triiodothyronine (T3) [15] , adrenocorticotropic hormone (ACTH) [16] , endorphin [17, 18] , human chorionic gonadotropin (HCG) [19] , calcitonin [20] , and insulin [21] could be detected both in animal and human immune cells [22] [23] [24] . Likewise, the presence of biogenic amines (histamine, serotonin, and epinephrine) was also demonstrated [23, 25] .
However, several data verified the presence of hormones in lymphocytes, and also characterized their immune regulatory effects; there is no any data about the connection of the hormone content of immune cells and their differentiation states. The aim of our study was to compare the ACTH and T3 hormone contents of B lymphocyte subpopulations and in developing T cell subsets.
Materials and Methods

Animals
Six weeks old male BALB/c mice were used for the experiments. The animals were maintained under standard conditions. All experimental groups contained 6 mice (n = 6). Mice were sacrificed by ether narcosis on the day of the measurements. Peritoneal cells were collected by washing out the peritoneal cavity with sterile filtered phosphate buffered saline (PBS) solution. After dissecting the femora, bone marrow cells were washed out of the bone marrow cavity with a stream of sterile filtered PBS solution. Thymocytes were isolated mechanically and filtered through a 30-μm Filcon filters (BD Biosciences, San Jose, CA, USA).
Sample preparation for flow cytometric analysis
Mature and immature lymphocyte subpopulations were determined by multicolor flow cytometry. Antibodies used for immunophenotyping were manufactured by BD Biosciences Pharmingen (San Jose, CA, USA) or Sony Biotechnology Inc. (Tokyo, Japan). The "Direct Immunofluorescence Staining of Cells Using a Lyse/No-Wash Procedure" protocol of BD Biosciences [26] was used for staining the cell surface antigens. Lysed and washed cells were fixed by 4% paraformaldehyde (Sigma-Aldrich Ltd., St. Louis, MO, USA) and permeabilized by 0.1% saponin solution (Sigma-Aldrich Ltd., St. Louis, MO, USA) for labeling of intracellular hormones (ACTH and T3). Antibodies against ACTH and T3 hormones were purchased from Sigma-Aldrich Company (St. Louis, MO, USA). The staining specificity was performed by using isotype control antibodies.
Immunophenotyping analysis of lymphocytes was completed by using four color marker combinations as indicated in Table I .
Identification of bone marrow cells. Hematopietic stem cells (HSC) were defined by the high expression level of exofacial Sca1 antigen (Stem cells antigen-1 = glycosylphosphatidylinositol-anchored cell surface protein = GPI-AP) and the absence of IL7Rα (interleukin-7 receptor alpha chain) (Sca1high+/IL7Ra−). Common lymphoid progenitor (CLP) cells were identified by the surface expression of IL7Rα and the lower expression level of Sca1 (Sca1low+/IL7Ra+). Mature B lymphocytes were characterized by the cell surface expression of B220 antigen (CD45R), while T cells were described by CD3 (T-cell co-receptor) expression.
Identification of thymocyte subsets [27] . CD44 (cell-surface glycoprotein encoded by the CD44 gene on chromosome 11), CD25 (alpha chain of the IL-2 receptor), CD3 (T-cell co-receptor), CD4 (member of the immunoglobulin superfamily encoded by the CD4 gene), and CD8 (co-receptor for the T cell receptor) antibodies were used for the characterization of the maturation states of Thymus  CD44  ACTH  CD25  Thymus  CD44  T3  CD25  Thymus  CD44  ACTH  CD25  Thymus  CD44  T3  CD25  Thymus  CD8  ACTH  CD4  CD3  Thymus  CD8  T3  CD4  CD3  Thymus  CD8  ACTH  CD4  CD3  Thymus  CD8  T3  CD4 
thymocytes. Double negative (DN) thymocytes were identified by the cell surface expression of CD44 and CD25. DN1 cells were verified by the CD44+/CD25− immunophenotype, DN2 cells by the co-expression of CD44 and CD25 (CD44+/ CD25+). DN4 thymocytes were characterized by the exofacial CD8 positivity without the surface expressions of CD4 and CD3 (CD8+/CD4−/CD3−). Two subsets of double positive (DP) cells were separated on the basis of cell surface expression of CD3 T cell co-receptor, the CD3 negative (CD4+/CD8+/CD3−) and the CD3 positive (CD4+/CD8+/CD3+) subsets. Single positive (SP) thymocytes were determined by the presence or the absence of CD4 and CD8 molecules (SP CD4+ = CD4+/CD8−/CD3+ and SP CD8+ = CD4−/CD8+/CD3+) Identification of B lymphocytes in peritoneal fluid. B lymphocyte subsets were specified on the basis of cell surface expression of CD5 (Lymphocyte Antigen T1/ Leu-1). B1 B cells were classified by the CD19+/CD5 DP immunophenotyped, while B2 B lymphocytes were described by the CD19+/CD5− marker combination.
FACS measurements
Measurements were carried out using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA) on the day of the staining, collecting 2.5 × 10 4 to 1 × 10 5 cells/tube. CellQuest-Pro software (Becton Dickinson, San Jose, CA, USA) was used for acquisition and analysis. The lymphocyte population (lymphocyte gate) was defined on the basis of their size and granularity (FS/SS dot plot). The relative expression levels of intracellular hormones were analyzed by the comparison of geometric mean channel values of fluorescence (mean fluorescence intensity, MFI).
Statistical analysis
Excel 7.0 software was used for data processing. Statistical differences between the studied groups were tested using "GraphPad Prism 6" (San Diego, CA, USA) software. Statistical significance was defined as p < 0.05.
Results and Discussion
Both ACTH and T3 could be detected in each investigated lymphocyte subpopulation (B and T lymphocytes and their precursors) separated from the bone marrow, the thymus, or the peritoneal fluid. It means that the presence (synthesis, storage, and secretion) of these hormones is lineage-independent. On the other hand, the presence of ACTH and T3 in the early maturation states of lymphocytes also denotes that their expression ubiquitous during lymphocyte development. However, the relative expression levels of both ACTH and T3 differed in the investigated lymphocytes subpopulations.
Hormone content of bone marrow lymphocytes
Although both ACTH and T3 could be detected in each cells separated from bone marrow, the expression levels of the hormones showed differences. B220+ B lymphocytes express significantly higher amounts of ACTH (mean ± SE: 76.3 ± 2.83) than T3 (mean ± SE: 34.29 ± 1.29) hormone (p < 0.0001). Opposite of it, the CD3+ T cells contained significantly higher amounts of T3 hormone (mean ± SE: 42.77 ± 2.84) compared to ACTH level (mean ± SE: 29.99 ± 1.03) (p = 0.001). There was no significant difference between the expression levels of ACTH and T3 in early hematopoietic progenitors, neither in HSC nor in CLP cell types. The relative expression levels of ACTH were higher in each investigated cell population compared to the T3 content, except in the case of T lymphocytes.
Mature B lymphocytes express significantly higher amounts of ACTH than the other investigated cells (Figure 1) .
Our results are in line with in vitro experiments of Bost et al. [28] and Johnson et al. [29] and suggest that ACTH may have an autocrine regulatory role in B cell development in vivo too. It would also be possible that the in vitro Several data prove the presence of thyroid hormone receptors in progenitor cells and also the regulatory effects of thyroid hormones in developmental and homeostatic process [30] [31] [32] . It is also verified that the thyroid hormone receptor expression of HSC depends on the serum levels of thyroid hormones in humans [33] . We determined the presence of T3 hormone in developing and mature bone marrow-derived leukocytes. Our results indicate that the local production of T3 hormone may also regulate the receptor expression of neighboring cells, so the in situ secreted T3 may control the actual hematopoietic activity of bone marrow.
Hormone content of thymocytes
The presence of both ACTH and T3 could be detected in each investigated thymocyte. Thymocytes express significantly higher amounts of T3 in every maturation states compared to their ACTH content (p < 0.001). On the other hand, the maturation state of thymocytes did not influence of the intracellular T3 content of cells (Table II) . The ACTH content of developing T cells showed heterogeneity. The T3 concentrations of DN1 stage cells (mean ± SE: 10.19 ± 0.16) and CD4+ SP cells (mean ± SE: 9.54 ± 0.26) were the lowest. The hormone content of DN1 and CD4+ SP cells was significantly depressed compared to the CD4+/CD8+ DP cells, both in their CD3 negative and in CD3 positive subsets (Figure 3) .
Several data demonstrated the complex connection between glucocorticoids and T cell development. It is evident that developing thymocytes, particularly the CD4+CD8+ DP cells, are very sensitive to glucocorticoids [34] . It is also well known that the adrenal glucocorticoid synthesis is controlled via a feedback mechanism [35] . The serum glucocorticoid level determines both the corticotropin-releasing factor production of hypothalamus and the pituitary synthesis and secretion of ACTH (HPA axis). It is easy to imagine that glucocorticoids produced in the thymus may also get involved in this highly sensitive regulatory system, as intrathymic glucocorticoid synthesis is monitored by serum ACTH level [36, 37] . The question arises that what is the consequence of the ACTH production of thymocytes? Figure 3 . ACTH content of thymus-derived developing T lymphocytes. MFI of ACTH expression (mean ± SE) of developing T lymphocytes separated from thymus. **p < 0.01; ***p < 0.001
Hormone content of peritoneal B lymphocytes B cell subpopulations examined in our study are well characterized [38] . CD19+/CD5− B cells (B2 B lymphocytes) and CD19+/CD5+ DP B cells (B1 B lymphocytes) have different biological functions. Till B1 cells are involved in T-cell independent antibody response, until then B2 cells respond to T cell dependent antigens [39] . It is also known that exofacial CD5 modulate B cell function [40, 41] . The presence of both ACTH and T3 could be detected in B1 (CD19+/CD5+) and B2 (CD19+/CD5−) lymphocytes isolated from the peritoneal fluid. Both B lymphocyte subpopulations expressed significantly higher amounts of ACTH compared to their T3 content (p < 0.001). The hormone contents of B2 lymphocytes were significantly higher compared to the B1 cells (p < 0.0001). Our results indicate that ACTH and T3 hormone contents of B lymphocytes are cell subtype dependent (Figure 4 ).
Comparison of ACTH and T3 hormone content of B lymphocyte subpopulations
We compared the ACTH and T3 content of B lymphocytes subpopulations separated from bone marrow or peritoneal fluid. Significantly lower amounts of ACTH and T3 could be detected in bone marrow B cells (p < 0.0001). Our results indicate that hormone production of immune cells is defined first of all by their differentiation or maturation state ( Figure 5 ).
Comparison of ACTH and T3 hormone content of T lymphocyte subpopulations
We compared the ACTH and T3 content of developing T lymphocytes subpopulations separated from bone marrow or thymus. Significantly higher amounts of ACTH and T3 hormone contents could be detected in the earliest hematopoietic progenitor cells (CLP) compared to the thymus derived cells, both DN1 population and the CD3 negative or CD3 positive DP cells (p < 0.0001). The ACTH and T3 contents of mature CD3+ T cells (isolated from bone marrow) increased, and closed the hormone levels of CLP population. Our results indicate that hormone production of T lymphocytes is determined by their maturation state ( Figure 6 ). Considering the results, it is clear that each member of the immune system can participate in the endocrine function of the immune cells. However, there are cells, which have an outstanding role, and these cells are B lymphocytes: mature (peritoneal) B lymphocytes and bone marrow B lymphocytes, alike. It can be supposed that the development of endocrine function run parallel with the immunological maturation, as among the three niches of immune cells studied, the most matured and most hormone-loaded lymphatic cells are present in the peritoneal fluid. At the same time, the weakest marker dependent difference is in the various forms of thymocytes. However, in this experiment only two hormones were studied and the situation in case of other hormones (e.g., in the case of amino acid type hormones having membrane receptors) is not known. Further experiments are needed for clearing these problems. Nevertheless, the results of the present experiments call attention again to the earlier not well known hormonal function of immune cells and point to the prominent role of B cells. In addition, the results call attention to the universality of hormones in the cells of the mammalian immune system: mice is the third species in which immune cell hormones have been systematically demonstrated.
In the present experiments, the study of hormone secretion was not done because of technical problems; however, this has been already presented by other experiments [3, 12-14, 18, 19] .
